1] We investigated the seasonal patterns of water vapor and sensible heat flux along a tropical biome gradient from forest to savanna. We analyzed data from a network of flux towers in Brazil that were operated within the Large-Scale Biosphere-Atmosphere Experiment in Amazonia (LBA). These tower sites included tropical humid and semideciduous forest, transitional forest, floodplain (with physiognomies of cerrado), and cerrado sensu stricto. The mean annual sensible heat flux at all sites ranged from 20 to 38 Wm À2 , and was generally reduced in the wet season and increased in the late dry season, coincident with seasonal variations of net radiation and soil moisture. The sites were easily divisible into two functional groups based on the seasonality of evaporation: tropical forest and savanna. At sites with an annual precipitation above 1900 mm and a dry season length less than 4 months (Manaus, Santarem and Rondonia), evaporation rates increased in the dry season, coincident with increased radiation. Evaporation rates were as high as 4.0 mm d À1 in these evergreen or semidecidous forests. In contrast, ecosystems with precipitation less than 1700 mm and a longer dry season (Mato Grosso, Tocantins and São Paulo) showed clear evidence of reduced evaporation in the dry season. Evaporation rates were as low as 2.5 mm d À1 in the transitional forests and 1 mm d À1 in the cerrado. The controls on evapotranspiration seasonality changed along the biome gradient, with evaporative demand (especially net radiation) playing a more important role in the wetter forests, and soil moisture playing a more important role in the drier savannah sites.
Introduction
[2] The partitioning of surface energy between evapotranspiration and sensible heat flux in the tropics is important for both the functioning of natural ecosystems and the development of regional climatic patterns. The combination of sensible and latent heat flux controls humidity and thermal stability of the planetary boundary layer, triggers convective rainfall, and ultimately helps to control regional precipitation, soil moisture and climate. Terrestrial ecosys-tems provide ecosystem services, such as catchment discharge, that are a function of evapotranspiration and that can be altered by land use or climate change. Approximately half of the precipitation falling in Amazonia evaporates, of which less than half is recycled as precipitation in the basin [Dirmeyer and Brubaker, 2007; Costa and Foley, 1999] . Previous estimates of the mean annual evapotranspiration in Amazonia based on model simulations range from 2.7 to 5.2 mm d À1 , with an average of 3.9 mm d À1 , while estimates based on field observations include 3.5 mm d À1 [Shuttleworth, 1988; da Rocha et al., 2004] , 3.7 mm d À1 [von Randow et al., 2004] and 3.1 mmd À1 [Hutyra et al., 2007] . The potential impact of forest to pasture conversion on temperature and precipitation patterns in Amazonia as a result of changes in the surface energy budget [Gash et al., 1996] , as well as the potential for forest collapse due to global warming-induced drought [Betts et al., 2004; Friedlingstein et al., 2006] , remain very poorly understood.
[3] The Large-Scale Biosphere-Atmosphere Experiment in Amazonia (LBA) was motivated in part by the need for improved observations of evapotranspiration and sensible heat flux in the tropics. Scientists within LBA operated eddy covariance towers at several sites, including ones in tropical humid and semideciduous forest, transitional forest, floodplain, and cerrado sensu stricto. We analyzed data from these towers to better understand the seasonal patterns of water vapor and sensible heat flux across Amazonia. We organized our analysis along a large-scale biome and water Figure 1. Measured above-canopy mean monthly precipitation (white bar, in mm), air temperature (heavy line with filled circles, in°C) and incoming irradiance (heavy line) (solar, in Wm À2 , or PPFD, in mmol À2 s À1 ) at the flux tower sites displayed in (h) map, namely: (a) K34, (b) K83, (c) K67, (d) JRU, (e) SIN, (f) JAV and (g) PEG (see code ID in Table 1 ). The climatological dry season is shaded, climatological mean annual precipitaiton (in mm) and surface air temperature (in°C) are displayed at each top panel.
balance gradient, from comparatively wet sites, which were dominated by evergreen forest, to a dry site, which was dominated by cerrado sensu stricto.
Methods
[4] We used field measurements collected at seven flux tower sites in Brazil (see map of Figure 1 and site description in Table 1 ). We refer to these sites by the abbreviations in Table 1 . Three of these sites were tropical terra firme humid forests, which were near 3°S (Manaus K34, Santarem K83 and Santarem K67). These sites had 30 -40 m tall closed canopies of evergreen trees, with occasional palms and lianas. Soils at these sites were yellow clay latosols (Oxisol or Haplic Acrorthox). Three other sites were near 10°S. The Rondonia (JRU) site was a tropical terra firme humid forest with a 35 m closed canopy and a sparse palm and liana understory. Soil at JRU was a podsol (Arenosol) with high sand and silt content. The transitional Mato Grosso site (SIN) was a woodland savanna with 28-30 m tall trees (cerradão) over sandy soil (quartzarenic neosoil). The floodplain site at Tocantins (JAV), about 1 km east of the Javaes river on the border of Bananal Island, included a mixture of cerradão (tall woodland savanna with 18 m tall trees and sparse shrubs), cerrado (dense scrub with 5 m tall trees and grass understory) and campo (natural grassland). The soil at JAV was hydromorphic sandy (Gley humic). Although the JAV site was within a large region classified as ecotone (Brazilian Institute of Geographic Statistics (IBGE)), the landscape at the tower was not strictly ecotonal [Neiff, 2003] , and the different ecosystem types contacted each other along well-defined boundaries. The southernmost site (PEG), which was near 20°S in São Paulo, consisted of cerrado sensu stricto, a closed scrub with 5 -10 m tall trees, a dense herbaceous understory, and deep sandy soil (quartzarenic neosoil).
[5] The data presented include climatological variables and surface heat and water vapor atmospheric fluxes measured above the vegetation canopies. Hourly turbulent energy fluxes were measured using the eddy covariance method, defined as the covariance of vertical wind velocity with temperature for the sensible heat flux (H), or vertical wind velocity with water vapor for the latent flux (LE). The climate data include air temperature, net radiation (Rn), soil heat flux (G), incoming solar or PPFD irradiances, and accumulated precipitation. Monthly mean values were calculated for the periods with available data for each site (Table 1 ). Detailed information on soil and climate, data acquisition, and flux processing methods were reported previously (Araújo et al. [2002] 
Results and Discussion

Climate
[6] The annual rainfall decreased, and the length of the dry season increased, from west to east and north to south. The annual precipitation ( Figure 1 ) was greatest at the K34 and JRU sites (above 2100 mm), followed by K67 and K83 (1911 mm), JAV and SIN (% 1700 mm), and PEG (1478 mm). The southernmost site (PEG), which was dominated by savanna, had the longest dry season, lasting 6 months from April and August (Figure 1 ). The seasonality of precipitation measured at all of the sites was consistent with the climatology for the region (Figures 1a -1g ). The JAV site was flooded for 2 -5 months each year in the wet season by the Javaesinho river, usually from January and May.
[7] Air temperature ( Figure 1 ) peaked in September and October at all sites except PEG, where the maximum was in February (Figure 1g ). The air temperature at the sites near 3°and 10°S was 24°to 27°C year-round. SIN was the coolest of these sites (minimum was 23°C) and JAV the warmest (maximum was 28°C). PEG was the coldest site overall, with mean monthly temperatures from 20°to 24°C. The dry season lasted until about November at Manaus-K34, and until about December at Santarem (K67 and K83). The air temperature at JRU, JAV and SIN showed bimodal variation, with a minimum in June/July around the solstice, and a secondary minimum during December/January, coinciding with the precipitation maximum (Figures 1d-1f ). This bimodal pattern is in agreement with the 30-year climatological normals for the region [Inmet, 1994] .
[8] The seasonal variation of air temperature was well correlated with incoming solar radiation at all sites ( Figure 1 ). The incoming radiation had two maxima per year near the 3°S latitudinal belt (around the September and March equinoxes), and a single minimum near the 10°S belt (around the June solstice). A decline in temperatures at K34, K67 and K83 during January to May appears to result from increasing cloud cover during the wet season. Increases in temperature at all sites but PEG during the dry season are a result of increasing incoming radiation, reduced cloud cover, and the large scale subsidence. The largest annual amplitude of temperature and incoming solar radiation was observed at 20°S, and was a result of both more extreme changes in solar elevation angle and the occasional intrusion of strong cold fronts during the winter.
[9] The seasonality of the measured precipitation was consistent with the climatology for the region. A strong drought during 2004/2005 over western and southern Amazonia may have influenced the sites JRU and SIN. However, the data sets were collected prior to 2003 and therefore were likely not influenced.
Seasonal Patterns of Evaporation, Sensible Heat, and Net Radiation
[10] The seasonal patterns of monthly net radiation, sensible heat flux, and latent heat flux, which we also refer to as evapotranspiration or ET, differed markedly between sites. ET at K34, K67 and K83 was lowest in the wet season, reaching seasonal minima of 80 to 110 Wm À2 (Figures 2a -2c ). ET increased in June/July at these sites coinciding with the onset the dry season, before peaking at 110 to 120 Wm À2 from August to October. The seasonal patterns in ET at these sites is consistent with a strong control of net radiation on evaporation (Figures 1a -1d) . Table 1 ). The climatological dry season is shaded.
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[11] The ET at JRU peaked early in the wet season ( Figure 2d) . The low ET at JRU in comparison to the other sites during the early to middle dry season may have resulted from colder temperatures and less net radiation, coinciding with the June solstice (see Figure 1d ). However, the ET at JRU did not increase in August coincident with decreased cloud cover and increased radiation, implying that radiation alone doesn't control ET at JRU. A possible explanation is semideciduous species at JRU started to senesce in August, which reduced green leaf area index and transpiration.
[12] In contrast, the ET at SIN, JAV and PEG followed a seasonal pattern that was nearly opposite to that observed at K34, K67 and K83. The mean ET rates at SIN, JAV and PEG decreased progressively with the development of the dry season (Figures 2e -2g ). Peak monthly ET was between 110 to 120 Wm À2 at these sites, and minimal ET was %70 Wm À2 at SIN and JAV and %30 Wm À2 at PEG (Figures 2e -2g ).
[13] The seasonal patterns of ET at SIN and PEG were positively correlated with net radiation (Figures 2e and 2g ), a pattern that is similar to that observed for the tropical humid forest sites (K34, K67 and K83) and semideciduous forest (JRU) and that illustrates the control that available energy exerts on ET. A contrasting pattern was observed at JAV, where net radiation increased progressively from May through August (the dry season), while ET decreased (Figure 1f ). The evaporation from standing water beneath the canopy may have likely dominated the energy exchanges during the wet season at JAV, and must have declined markedly as JAV dried in the dry season [Borma et al., 2009] . The ecosystem at this point functioned similar to a savanna, resulting in a large decrease in ET from May to September, despite increasing radiation.
[14] Net radiation, ET and sensible heat flux for the dry and wet seasons are summarized in Table 2 . All three of these energy fluxes increased during the dry season at the evergreen forest sites (K34, K67 and K83). Net radiation at these sites was 143 -153 Wm À2 in the dry season and 117-137 Wm À2 in the wet season. ET was 96-114 Wm À2 in the dry season (equivalent to 3.3 -3.9 mm d À1 ) and 81-103 Wm À2 (equivalent to 2.8-3.6 mm d À1 ) in the wet season. In contrast, ET was lower in the dry season at SIN, JAV and PEG (39 -94 Wm À2 ; i.e., 1.3-3.3 mm d À1 ) than in the wet season (88 -111 Wm À2 ; i.e., 2.8 -3.8 mm d À1 ) (Table 2) . Likewise, net radiation was generally lower in the dry season at these sites (except for JAV, which showed a very modest increase), as was sensible heat flux (except for PEG). The highest seasonal change of ET was observed at PEG, which increased from 39 Wm À2 in the dry season (1.3 mm d À1 ) to 88 Wm À2 in the wet season (3.0 mm d À1 ).
[15] The sensible heat flux at all sites was reduced during the wet season, with a gradual increase during the dry season, and a maximum during the mid to late dry season (Figure 2) . This pattern is consistent with the temporal variation of net radiation, and the plentiful soil moisture in the wet season and moisture deficit in the dry season. Soil moisture decreases substantially during the dry season in savanna [Oliveira et al., 2005] , at the floodplain site [Borma et al., 2009] , and in tropical humid forest [Bruno et al., 2006] , although the decrease does not appear to limit transpiration at forest sites. The seasonal differences of sensible heat fluxes were mostly positive, varying from 19 to 44%, or 20 -38 Wm À2 , for all sites except SIN and JAV (Table 2 ). SIN and JAV showed negative differences, partly because the sensible heat flux remained high even in the early wet season (Figures 2f  and 2e ). Moreover, at JAV the heat flux was low during early to middle dry season, consistent with the relatively wet soil after the flooding.
[16] At all sites, the mean monthly sensible heat flux was lower than the latent heat fluxes (i.e., the Bowen ratio was < 1), except for the PEG site during the middle to late dry season, when it was >1.
Normalized Surface Fluxes
[17] The mean net radiation varied considerably between sites during the wet season (from about January through May, 110-150 Wm À2 , Figure 3a) . At all sites except PEG, the mean monthly net radiation increased from % 120 in May to 150 Wm À2 in October, coinciding with the dry season. The similarity in the temporal evolution of net radiation among sites as the dry season progressed was remarkable, considering the variation of incoming solar radiation with latitude, and the potential importance of other factors, such as cloudiness, smoke, surface albedo, and long-wave energy exchange. The annual amplitude of incoming solar radiation was much more pronounced at PEG, with a substantial decrease in net radiation during the southern hemisphere winter.
[18] The absolute values of latent and sensible heat fluxes must be interpreted with caution, as the estimates of turbulent fluxes have potential site-specific uncertainties related to energy balance closure. We calculated the ratio (H + LE)/(R n -G), to investigate the energy closure at each site, using monthly averages for all sites, excluding G at the K67 site (Table 2) . We disregarded energy stored in biomass and canopy air below the measurement height, the chemical energy associated with net CO 2 exchange, and energy advected horizontally, which are arguably small when averaged over 24h (for example, the energy stored in tropical forest biomass varied between 0 and 2 Wm À2 ). The energy balance closure was lowest (0.70) at PEG and JRU, and higher (0.85 -1.05) at the remaining sites. The energy balance closure was consistent The dry season averages were calculated during August to October for K34; August to November for K67 and K83; June to September for JRU, SIN and JAV; and May to August for PEG. The wet season average was calculated for the remaining months of the year. The column (dry À wet) is the percent difference between the mean of dry season minus the wet season, relative to the mean wet season. Areas in italic indicate the maximum R n , LE and H between the dry and wet season (at the S.L. = 2%). with the range reported for a range of sites worldwide [Wilson et al., 2002] , though they examined half-hourly data, which may lead to lower energy closure when compared to the daily averaged data.
[19] We normalized the energy fluxes by the maximum annual monthly flux (LE max or H max ) to facilitate comparison between sites. The seasonal patterns of LE/LE max were similar at K34, K67, K83 and JRU (Figure 3b ). The seasonal patterns of LE/LE max at these sites were also similar to the seasonal patterns of net radiation, especially in the dry season. The LE/LE max ratio increased at the end of the wet season and beginning of the dry season (roughly in May), and peaked between September and October. LE/LE max varied considerably between sites during the wet season (between 0.75 and 0.9). The seasonal patterns of H/H max (Figure 3d ) were similar to LE/LE max , with a maximum around September. H/H max was minimum during the wet season, with a range of 0.6-0.75. The decline of H/H max after September was more abrupt than the increase during the dry season, and also more abrupt than the decline of LE/ LE max during the same period. We suspect that soil moisture played a strong role in controlling these variations. Soil moisture depletion progresses smoothly in long dry spells, which would be expected to reduce soil evaporation. On the other hand, early in the wet season there is readily available soil moisture in shallow layers [Bruno et al., 2006 ] that, together with the flush of green leaves can increase canopy conductance and change the balance between LE and H in such a way that there is a more rapid decrease in sensible heat flux.
[20] The sites JAV, SIN and PEG were characterized by longer and more intense dry seasons than were the other sites. The seasonal patterns of H/H max were broadly similar to that at the wetter sites (Figure 3e ). In contrast, LE/LE max at JAV, SIN and PEG decreased during the dry season (Figure 3c) , and was quite different from that at the wetter Table 1 ). sites. The maximum LE/LE max at JAV, SIN, and PEG occurred during the middle or late wet season (December to March), and the minimum LE/LE max occurred around September, which is at the end of the dry season. The seasonal amplitude at JAV was similar to, but less extreme than that at SIN and PEG. The floodplain at JAV apparently retains enough water from the wet season to allow greater evaporation through the early dry season than at the other two sites [Borma et al., 2009] .
Conclusions
[21] The seven tower sites were easily divisible into two functional groups based on the seasonality of evaporation: tropical forest and savanna. Dry season length varied from 2 months in central Amazonia to 6 months in the south and east. The vegetation type at each site was closely associated with the dry season length along the gradient. Other factors were also almost certainly important in controlling vegetation distribution, such as mean annual temperature, annual precipitation, and geomorphology (especially at JAV, which is on a river floodplain).
[22] The two functional groups were different in their seasonality of water and energy fluxes. The more southern and eastern sites (SIN, JAV and PEG) were drier and showed an ET decrease during the dry season, reaching minimum values of 2.5 mm d À1 in the transitional forest and floodplain, and 1 mm d À1 in the cerrado sensu stricto. This decrease was likely due to soil moisture limitation. This pattern is typical of the Brazillian cerrado ecosystem, with its marked seasonality of leaf area index and green biomass resulting from leaf senescence and grass dormancy during the dry season. This created a situation where the seasonal patterns of ET at SIN, JAV and PEG were controlled mainly by the effect of soil moisture availability.
[23] The more northern and western sites (K34, K67, K83 and JRU) were wetter, with dry season length of less than 4 or 5 months. The annual precipitation at these sites was at least 1900 mm, and the mean annual above-canopy temperature was above 25°C. The mean monthly evaporation at the wetter sites increased during the dry season to as much as 4 mm d À1 , and was relatively consistent during the wet season. ET, net radiation and vapor density deficit were positively correlated at these sites, and atmospheric conditions appear to exert the dominant control on ET. All of these sites were dominated by well-established forest, with trees that were presumably deeply rooted [cf. Bruno et al., 2006] . The combination of evergreen or semidecidous leaf phenology, extensive root systems, and the ability to extract soil moisture from deep in the soil column, apparently allow these sites to maintain high rates of ET throughout the dry season. This created a situation where the seasonal patterns of ET at K34, K67, K83 and JRU were controlled mainly by atmospheric evaporative demand.
